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Viability and stability of biological control
agents on cotton and snap bean seeds
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Abstract: Cotton and snap bean were selected for a multi-year, multi-state regional (south-eastern
USA) research project to evaluate the efficacy of both commercial and experimental bacterial and
fungal biological control agents for the management of damping-off diseases. The goal for this portion
of the project was to determine the viability and stability of biological agents after application to seed.
The biological seed treatments used included: (1) Bacillaceae bacteria, (2) non-Bacillaceae bacteria,
(3) the fungus Trichoderma and (4) the fungus Beauveria bassiana. Seed assays were conducted to
evaluate the following application factors: short-term (<3 months) stability after seed treatment;
quality (ie isolate purity); compatibility with chemical pesticides and other biocontrol agents; appli-
cation uniformity between years and plant species. For the bacterial treatments, the Bacillaceae
genera (Bacillus and Paenibacillus) maintained the greatest population of bacteria per seed, the best
viability over time and the best application uniformity across years and seed type. The non-Bacillaceae
genera Burkholderia and Pseudomonas had the least viability and uniformity. Although Beauveria
bassiana was only evaluated one year, the seed fungal populations were high and uniform. The seed
fungal populations and uniformity for the Trichoderma isolates were more variable, except for the
commercial product T-22. However, this product was contaminated with a Streptomyces isolate in
both the years that it was evaluated. The study demonstrated that Bacillaceae can be mixed with
Trichoderma isolates or with numerous pesticides to provide an integrated pest control/growth
enhancement package.
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1 INTRODUCTION ing-off of seedlings, either before or after seedlings
Rhizoctonia solani Kihn and various Pythium species emerge from the soil, resulting in reduced plant stands
are important soil-borne pathogens that cause damp- and delayed emergence. Since these pathogens infect
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in the earliest stages of plant growth, protection must
be initiated when the seed is planted. Chemical seed
treatments are currently the primary method used to
manage damping-off. However, this is an ideal patho-
system in which to implement biological control.'™
The biological treatment does not need to survive and
thrive for the entire growing season; it need only be
effective during stand establishment. Since the bio-
logical treatment may be applied directly to seed, the
organism is immediately available in the infection
court for seedling protection. Therefore, a biological
seed treatment for damping-off disease must be
present and viable when the seed is planted. To be
successful, a commercial product based on a biological
agent must be consistently viable from year to year at
each planting location where it is used.

Cotton and snap bean, representing a field and
vegetable crop grown across the southern region of the
USA, were selected for a multi-year, multi-state
regional research project to evaluate the efficacy of
both commercial and experimental bacterial and
fungal biological control agents for the management
of damping-off diseases. Both crops are susceptible to
these diseases.*® As part of this project, seed assays
were conducted to determine viability, purity and
concentration of each biological control treatment.
Seed assays were conducted at the time the treated
seed was delivered to cooperators and/or when the
seed was planted. The data presented herein is a
summary of the seed assay data obtained during a
5-year period. Preliminary data has been published for
some of the results presented.”*°

2 EXPERIMENTAL METHODS

2.1 Seed treatments

Cotton (Gossypium hirsutum L cv ‘Deltapine 50°) and
snap bean (Phaseolus vulgaris L var vulgaris cv ‘Strike”)
seeds were treated either in bulk or on-site. Cotton
seed was acid delinted and neutralized prior to
treatment. Individual cooperators did bulk treatment
of seed with their putative bacterial or fungal bio-
control agents. Bulk treated seed was then shipped to
the project coordinator (W Batson) in Mississippi who
packaged each treatment into 100-seed lots for
delivery to planting site cooperators in each state.
On-site treatment of seed was done by each planting
site cooperator just prior to planting, using formula-
tions of the bacterial or fungal isolates supplied by the
company or cooperator who had formulated the
biocontrol agent.

The seed treatments used can be divided into four
main groups: (1) Bacillaceae bacteria, Bacillus and
Paenibacillus, which are Gram-positive endospore-
forming bacteria; (2) non-Bacillaceae bacteria, which
include non-spore-forming Gram-positive and Gram-
negative bacteria; (3) the fungus Trichoderma; (4) the
fungus Beauveria bassiana (Balsamo) Vuill. Eight
bacterial and eight fungal agents were evaluated at
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least twice during the 5-year study. All other biological
agents were evaluated once.

2.2 Commercially-formulated bacterial and fungal
biocontrol agents

The following bacterial isolates were supplied by
Gustafson, Inc, Plano, TX, USA: Bacillus subtilis
GBO03 (Kodiak®™), Paenibacillus pabuli GB51, Bacillus
cereus GB37 (UW85),"'B macerans GB32, B subuilis
GB29 (ASC66570), B pumilus GB34, Bacillus sp
GB35, and Paenibacillus macerans GB49. Rates for
cotton seed are listed in Table 1 and those for snap
bean seed in Table 2. The carrier used to formulate the
Bacillaceae products was applied at 0.15gkg ™! seed.
Gustafson also supplied an isolate of Trichoderma
harzianum Rifai that was applied at log,, CFU per g of
seed 0f 4.3 in 1996 and 4.6 in 1997. The rates were the
same for both cotton and snap bean seed.

Trichoderma harzianum Rifai strain KRL-AG2
(T-22 Planter Box, BioWorks, Inc, Geneva, NY) was
applied as a dry powder (1.0x10° CFUg ! dry
weight) by each planting site cooperator immediately
before planting.'> The application rate was log,,
CFUg ! seed of 4.6 in 1997 and 4.7 in 1998 for
cotton seed, and log,, CFUg ! seed of 4.5 in 1997
and 4.6 in 1998 for snap bean.

Burkholderia cepacia type Wisconsin (Deny®, CCT
Corp, Shawnee, KS) was applied by each planting site
cooperator immediately before planting. The cotton or
snap bean seed was moistened by misting and then
mixed with Deny (10°CFUg ™' dry weight formula-
tion). Rates are listed in Tables 3 and 4.

Vitazyme (Vital Earth Resources, Gladewater, TX)
is a mixture of 15 bacteria, including five Gram-
positive cocci, seven Gram-positive rods, and three
Gram-negative rods. One of the Gram-positive rods is
in the family Bacillaceae (P macerans). Vitazyme
contained 2.0-7.0 x 10° CFUml . Seed were soaked
for 5min in a 10% Vitazyme solution and then air
dried.

2.3 Non-commercial bacterial biocontrol agents
The non-commercial bacterial isolates were supplied
by various individuals, as described below. Prepared
media or media components were obtained from Difco
Laboratories (Detroit, MI), Fisher Scientific (Pitts-
burgh, PA) or Sigma (St Louis, MO).

Arthrobacter globiformis A180R and Pseudomonas
fluorescens BD4-13 (supplied by C Rothrock, Uni-
versity of Arkansas)'’ were grown on 1/3-strength
tryptic soy agar for 1-2 days, then used to start liquid
cultures in 200ml of Luria-Bertania broth [tryptone
(10gliter 1), yeast extract (5gliter ') and sodium
chloride (10gliter ")] for Pseudomonas and 1/3-
strength tryptic soy broth for Arthrobacter. Flasks were
incubated on a shaker at 120revmin~ ' for 48h at
room temperature (20-22°C). Liquid cultures were
centrifuged at 5016 ¢ in 1995 and 1996 and 3560¢ in
1997-99 for 20 min; broth was decanted. The pelleted
bacterial cells were resuspended in phosphate buffer
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(0.02Mm; pH 7.0), centrifuged, and resuspended in
buffer. In 1995 and 1996, concentrated bacterial
suspensions were shipped to each cooperator, who
treated seed prior to planting. In 1997-1999, seed
were bulk treated in Arkansas by mixing a bacterial
suspension with the seed, and then air dried. Rates are
listed in Tables 3 and 4.

Burkholderia cepacia 5.5B (supplied by M Benson,
North Carolina State University)'? was grown on
potato dextrose agar for 48 h. A portion of a colony was
transferred to a 500-ml flask containing nutrient broth
adjusted to pH 5.8 with hydrochloric acid (0.1 M) and
incubated with shaking at 150revmin ' at room
temperature. After 4 days, cultures had developed a
purple color, indicating the production of phena-
zine.'® Cultures were centrifuged at 3250 g for 30 min,
and bacterial cells were resuspended in methyl
cellulose (20gliter '; 50ml; Sigma, M-6385, 25
centipoises). The bacterial preparation was applied
to seed immediately after resuspension. Multiple
batches of 460g of seed were treated by dripping five
10-ml amounts of the 1x 10" CFUmI™! bacterial
suspension over the seed and stirring until all seeds
were moist. Seeds were placed on a metal sheet and
dried for 4h in a laminar flow hood. Treated seeds
were stored at 4°C until shipment by overnight
delivery to the cooperator in Mississippi.

A seed treatment consisting of a mixture of three
Bacillus megaterium strains (91-2, 91-5, 91-114) was
supplied by R Schneider, Louisiana State University.
Each strain was grown individually on nutrient agar for
48h at room temperature. For each isolate, a suspen-
sion was made by washing cultures from 65 plates with
phosphate buffer (25 mmMm; pH 6.8) and adjusting to an
absorbance of 2.0 at a wavelength of 600nm. The
suspension was mixed with sterilized talc at a ratio of
1500ml suspension to 3000cm? talc and allowed to
dry for 2 days with occasional stirring. Dried talc
formulations of each of three isolates of B megaterium
were prepared separately and then combinedina 1:1:1
ratio. Approximately 1kg of seeds were moistened
with 83ml of a 1.1% solution of guar gum prepared
with 10% L-arabinose, then 600cm’ of the dried talc
inoculum was added to the moistened seed. The entire
mixture was shaken in a plastic box for 1 min to coat
the seeds, which were then dried under moving air for
at least 24h. Excess talc inoculum was removed by
shaking the seeds over a 1-mm sieve.

Bacillus subnilis strains BA101 and E69 (supplied by
B Ownley, University of Tennessee) were grown in
Minimal 3-C broth (1 liter) in a 2-liter culture flask on
a rotary shaker (100revmin ') at 25-30°C for 60—
72h.'°® Broth cultures were centrifuged at 10000rev
min~! for 10min (Sorvall RC-5B centrifuge, GSA
rotor). The supernatant was discarded and the bac-
terial pellets were resuspended in methyl cellulose
solution (20g liter ). The bacterial-methyl cellulose
suspension was mixed with snap bean or cotton seed at
500ml kg~ ' seed. The treated seeds were placed under
a laminar flow hood and air-dried. Treated seeds were
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stored at 4 °C until shipment by overnight delivery to
the cooperator in Mississippi.

2.4 Non-commercial fungal biocontrol agents
Trichoderma harzianum OK-110 (supplied by K
Conway, Oklahoma State University) was grown in
molasses-bran medium in a Hi-Density Lab-Line
Fermentor System (Melrose Park, IL).!7-'® After 1
week, mycelial fragments and conidia were collected
on a 500-um sieve, spread on waxed paper, dried and
ground (Glen Mills Co, Maywood, NJ). This biomass
(0.2g) was added to carboxymethyl cellulose (20g
liter ) and then applied to 1kg of seed.

Beauveria bassiana isolate 11.98 (supplied by R
Pereira, University of Tennessee) was grown on
Sabouraud dextrose agar plus yeast extract (5 g liter ')
at 23°C for a minimum of 15 days. Conidia were
scraped from the surface of the agar plates with a
rubber spatula and passed through a 100-pum sieve to
eliminate mycelial and agar fragments. Conidia were
then suspended in methyl cellulose solution (20g
liter ') at 20mg conidia ml™' of suspension. The
conidial suspension was mixed with cotton or snap
bean seed at 500mlkg ' seed. Treated seeds were air-
dried under a laminar flow hood.

2.5 Biological and chemical seed treatment
mixtures

Eight isolates of Trichoderma virens (Miller, Giddens &
Foster) were supplied by C Howell, USDA-ARS,
College Station, Texas. Isolates are listed in Table 5.
Inoculum for each isolate was produced in a medium
of 5% ground millet (1995-96) or wheat bran (1997—
99) and 1% ground peat moss in deionized water.
Since these isolates were known not to be effective
against Pythium spp, the following treatment proce-
dure was followed.'® Seed was first treated with
metalaxyl (0.5ml Apron FL kg™ ! seed), and then
coated with a latex sticker before applying the air-
dried, ground fungal treatment (7% w/w, ~55gkg '
seed). A previous study had demonstrated that there
was no negative effect of the fungicide on the
Trichoderma strains.'® Some treatments were a mixture
of one of these Trichoderma isolates with Paenibacillus
GB49. The bacterial isolate was applied in an aqueous
slurry with the metalaxyl, prior to application of the
fungal isolate.

In 1998, two snap bean treatments, provided by C
Canaday, University of Tennessee, consisted of
Bacillus GB03, at two different rates, mixed with
captan (1.25g Captan 400-Dkg™! seed). In 1999,
additional snapbean treatments provided by Gustaf-
son, Inc consisted of Bacillus GB03 or Paenibacillus
GB49 mixed with the following chemicals (rate per kg
of seed): thiram (1.25g GUS-42S), quintozene (1.3 ml
RTU-PCNB), metalaxyl (0.5ml Allegiance), strepto-
mycin (0.55g AgStrep-50) and chlorpyrifos (1.25g
Lorsban 50).

Also in 1999, the three Gustafson bacterial treat-
ments applied on cotton seed were used only as
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mixtures with the chemical seed treatments carboxin—
quintozene (3.9ml Vitavax-PCNB kg~ ! seed), and
metalaxyl (0.5ml Allegiancekg ! seed).

2.6 Seed inoculum density assessment

When bulk-treated seeds were shipped by overnight
delivery to cooperators, treated seeds were also
shipped to M Elliott, University of Florida, for
quantifying bacteria and fungi on the seed. Four
replicates of each biological seed treatment and the
non-treated control were assayed on 13 April 1995,
3 April 1996, 4 April 1997, 8 April 1998 and 25
March 1999. For each replicate, five seeds were placed
in sterile saline phosphate buffer [NaCl (8.5),
K,PO,-3H,0 (11.4) and KH,PO, (6.8g liter '); pH
6.8; 5ml], sonicated for 30s in an ultrasonic bath and
soaked for 30min. Suspensions from seeds treated
with fungal biocontrol agents, with or without chemi-
cal pesticides, were surface plated (0.1ml) by serial
dilution on 1/5-strength potato dextrose agar (1/5
PDA). In 1995 and 1996 only, the medium was
amended with streptomycin sulfate (100pgml™?).
Suspensions from seeds treated with bacterial agents,
with or without chemical pesticides, were surface
plated (0.1ml) by serial dilution on unamended,
solidified 1/3-strength tryptic soy broth (1/3 TSBA).
Suspensions from untreated control seeds were dupli-
cate plated on unamended 1/5 PDA and 1/3 TSBA.
Suspensions from seeds treated with a mixture of
fungal and bacterial isolates were duplicate plated on
1/5 PDA amended with streptomycin sulfate (100 pug
ml ') and rifampicin (50ugmlfl), and 1/3 TSBA
amended with cycloheximide (100 pg ml ). In 1998,
suspensions from the Trichoderma T22 treatment were
duplicate plated on unamended 1/5 PDA and 1/3
TSBA amended with cycloheximide (100pgml™?).
Cultures were incubated at 28°C, and counts were
made as appropriate for each biological treatment.

At the time that each cooperator planted seeds, an
extra packet of seed from each biological treatment
was also shipped (overnight delivery) to the University
of Florida to determine the populations of bacteria or
fungi remaining on the seed, using the method
described previously. For treatments applied to bulk
seed, two (1995 and 1996) or three (1997-99) repli-
cates of each treatment were assayed. For treatments
applied to seeds at planting by the cooperator (eg T
harzianum T-22, B cepacia Deny), four replicates
(1996) or three replicates (1997-99) were assayed.
The last dates for seed assays were 18 May 1995, 13
June 1996, 16 May 1997, 22 May 1998 and 18 May
1999. This represents an average of 49 days after the
first assay at delivery, with a range of 35-71 days.

2.7 Statistical analysis

Analysis of variance was performed using SAS
procedure GLM (SAS version 6.12, SAS Institute,
Inc, Cary, NC) for each individual seed treatment in
each year, across all planting locations. The coefficient
of variation was determined to compare variation of
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planting population means between years for indivi-
dual isolates or between isolates. When appropriate,
means for seed populations values at delivery or at
planting were compared across years for individual
seed treatments using the LSD #test. Using the
Dunnett’s r-test, means for seed population values at
planting for each planting location were compared
against mean seed population values at delivery for
each individual seed treatment in each year. From
these results, the percentage of planting locations that
had planting mean values significantly different
(P =0.05) from the delivery seed value could be
calculated.

3 RESULTS

3.1 Non-treated seed

Fungi and bacteria naturally associated with cotton
and snap bean seed were determined in all years. Only
in 1995 were any fungi detected on cotton seed, at 0.7
log,, CFU per seed. Fungi were detected on snap bean
seed only in 1999, at 0.3 log;, CFU per seed. In all 5
years, bacteria were detected from both seed types. In
1995 on cotton seed, the population was 1.8 log,,
CFU per seed. For the other 4 years on cotton seed,
the population was less than 1.0 log,, CFU per seed.
Bacteria were detected in all years on snap bean seed at
an average of 1.4 log,, CFU per seed.

3.2 Bacillaceae bacterial treatments

For the Bacillus and Paenibacillus treatments applied to
cotton seed in bulk prior to delivery to cooperators,
populations at delivery in all years ranged from 3.5
(GB35 in 1999) to 5.8 (E69 in 1999) log,, CFU per
seed, with an overall average of 4.8 (Table 1). The
average bacterial population per seed at planting,
across all sites in all years, decreased only 0.2 log,,
CFU per seed to 4.6. The percentage of sites that had
bacterial populations on the seed at planting that were
significantly different from the populations on the seed
at delivery averaged only 12.8%, with six isolates
having no differences between delivery and planting
seed populations in at least one treatment year. For
Paenibacillus strain GB49, there were no significant
differences among mean bacterial population per seed
across years, even though the 1999 cotton treatment
was mixed with chemical fungicide seed treatments.
One Bacillus treatment (GB03) was used also as a
treatment applied by individual cooperators prior to
planting in 1995 for cotton. Even this treatment had a
mean bacterial population per seed, across all sites, of
4.7 log,, CFU per seed (Table 1).

All snap bean Bacillaceae seed treatments were
applied in bulk prior to delivery to cooperators.
Populations at delivery across all years ranged from
3.3 (Bacillus GB35 in 1998) to 6.2 (Bacillus BA101 in
1999) log,, CFU per seed, with an overall average of
4.7 (Table 2). The average bacterial population per
seed at planting decreased only 0.2 log,, CFU per seed
to 4.5. The percentage of sites that had seed bacterial
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populations at planting that were significantly different
from the populations on the seed at delivery averaged
only 17.9%, with four isolates having no differences
between delivery and planting populations in at least
one treatment year.

The coefficient of variation, for seed populations at
planting, for 17 of 21 cotton treatments and 17 of 19
snap bean treatments was less than 5%, and was less
than 10% for the remaining treatments (Tables 1 and
2). This was true for the treatments provided by a
commercial laboratory (Gustafson) and those pro-
vided by individual cooperators (Louisiana Bacillus
mix and Tennessee Bacillus strains BA101 and E69).
Isolates that were consistent among years (ie no signi-

Biological control agents on cotton and snap bean seeds

ficant differences at delivery) were GB03 and GB49 on
cotton seed in 1997-1999, GB37 and GB49 on snap
bean seed for all years evaluated, and GB29 on snap
bean seed in 1997-1998. When means for bacterial
seed populations at delivery were compared for each
isolate in each year between seed types, there was a
difference between seed types for only seven of the 21
comparisons (LSD #test at P =0.05). They were
GB37 in 1996, GB37 and B megaterium Louisiana mix
in 1997, GB29 in 1998, and GB03, GB49 and BA101
in 1999.

3.3 Non-Bacillaceae bacterial treatments
For those four non-Bacillaceae bacterial treatments

Application rate

log,o CFU per seed Site differences® CV4

Table 1. Bacillaceae bacterial
treatments applied to cotton seed,
either in bulk before shipping to planting
locations or just prior to planting

Pest Manag Sci 57:695-706 (2001)

Year (log,, CFU g~ seed) Delivery® Planting® Range® (%) (%)
Bacillus cereus GB37

1996 7.2 4.0h 3.4h 2.8-3.8 22 8.5

1997 7.2 49¢g 469 45-49 9 3.5
Bacillus megaterium Louisiana mix

1997 ND® 53¢ 4.7 h 4.1-5.0 73 3.3

1998 ND 50h 49¢g 4.7-5.0 8 1.6
Bacillus subtilis GBO3 (Kodiak™®)

1995 6.3 NA 479 2.0-5.5 NA 1.9

1996 6.3 43h 40h 3.7-4.4 22 4.3

1997 6.3 499 4.7 g 4.5-4.9 0 3.1

1998 6.3 48¢g 48¢g 4.7-4.9 0 2.2

1999 6.3 50¢9 48¢g 4.6-5.0 20 3.4
Bacillus subtilis GB29 (ASC66570)

1996 7.2 4.3] 4.1 3.5-4.5 0 7.4

1997 7.2 4.7 h 4.7 h 4.4-49 0 4.0

1998 7.2 52¢g 49¢g 4.8-5.2 25 25
Paenibacillus macerans GB49

1997 7.2 4.9 47 4.6-4.9 18 3.0

1998 7.2 4.8 4.8 4.6-4.9 0 2.7

1999 7.2 4.9 4.8 4.5-5.1 10 3.6
Bacillus sp GB35

1998 5.8 3.5 3.2 3.0-35 8 7.1
Bacillus pumilus GB34

1999 7.2 41 41 3.9-4.1 0 3.7
Bacillus subtilis BA101

1999 ND 5.6 55 5.4-5.7 0 2.5
Bacillus subtilis E69

1999 ND 5.8 5.6 5.3-5.7 30 2.3
Paenibacillus macerans GB32

1996 7.2 4.4 41 3.6-4.6 11 6.8
Paenibacillus pabuli GB51

1998 7.2 5.0 4.8 4.7-5.0 0 2.9

2 Mean value (four replicates) at delivery of bulk treated seed to cooperators. For those treatments evaluated in
multiple years, means followed by the same letter in the same column were not significantly different at P =0.05,
according to LSD ttest.

® Mean value and range at planting across all locations in each year; 1995 =five locations; 1996 =nine locations,
1997 =11 locations; 1998 =12 locations; 1999 =10 locations. For those treatments evaluated in multiple years,
means followed by the same letter in the same column were not significantly different at P =0.05, according to LSD
t-test.

¢ Percentage of locations that had seed mean values at planting that were significantly different (P =0.05) from
those at delivery of the bulk treated seed, according to Dunnett’s t-test.

9 Coefficient of variation for seed population values at planting.

¢ ND, not determined. See text for application details.

fNA, not applicable. Seed treated by individual cooperators just prior to planting.
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applied to cotton seed in bulk prior to delivery to
cooperators (Pseudomonas, Burkholderia cepacia 5.5b
and OK1, Vitazyme), populations at delivery across all
years, ranged from 0 to 4.1 log,, CFU per seed, with
an overall average of 0.8 (Table 3). The percentage of
sites that had seed bacterial populations at planting
that were significantly different from the populations
on the seed at delivery averaged 19.5%. However, this
number should be interpreted carefully, since the
Vitazyme and Gram-negative bacterial treatments
were either not detected at delivery or at planting for
a majority of sites. Across all non-Bacillaceae treat-
ments, whether bulk treated or treated on site, the
average bacterial population at planting was 1.1 log,,
CFU per seed.

For the three non-Bacillaceae bacterial treatments
applied to snap bean seed in bulk prior to delivery to
cooperators (Pseudomonas, Burkholderia cepacia 5.5b,
Vitazyme), populations at delivery across all years

ranged from O to 4.9 log,, CFU per seed, with an
overall average of 1.9 (Table 4). The percentage of
sites that had seed bacterial populations at planting
that were significantly different from the populations
on the seed at delivery averaged 51.2%. Across all
treatments, whether bulk treated or treated on site, the
average bacterial population at planting was 1.5 log,,
CFU per seed. As with the cotton seed treatments,
applying bacterial treatments to the seed just prior to
planting did not necessarily increase the bacterial seed
populations at planting.

The non-Bacillaceae bacterial treatments for both
seed types also had very large coefficients of variation
for seed populations at planting, often greater than
100%, indicating extreme variability in bacterial
populations among replications of each treatment at
each site. The average coefficient of variation for all
non-Bacillaceae bacterial treatments was 120% for
cotton and 95% for snap bean (Tables 3 and 4).

Application rate

log,o CFU per seed Site differences® CV¢

Year (log,, CFUg " seed) Delivery® Planting® Range® (%) (%)
Bacillus cereus GB37

1996 7.2 4.4 3.8h 3.3-4.2 22 8.6

1997 7.2 4.7 4349 3.8-4.9 10 5.0
Bacillus megaterium Louisiana mix

1997 ND® 4.1h 3.8h 3.2-4.1 40 3.7

1998 ND 50¢g 49¢9 4.7-5.0 0 2.3
Bacillus subtilis GBO3 (Kodiak™)

1996 6.3 4.2] 40] 3.6-4.4 25 3.7

1997 6.3 50¢g 489 4.6-5.1 0 4.0

1998 6.3 4.5h 4.5h 4.3-4.9 10 3.4

1999 6.3 4.3 hj 4.1 3.8-45 11 5.2
Bacillus subtilis GB29 (ASC66570)

1996 7.2 4.4 h 4.2 ] 3.7-4.6 13 3.7

1997 7.2 50g9 4.6 h 4.0-4.9 67 2.6

1998 7.2 49¢g 4949 4.7-51 0 3.3
Paenibacillus macerans GB49

1997 7.2 51 45h 4.3-4.8 44 71

1998 7.2 4.9 48¢g 4.4-50 9 3.1

1999 7.2 4.5 4.5h 4.0-4.8 11 4.6
Bacillus sp GB35

1998 5.8 3.3 3.2 29-3.4 9 4.0
Bacillus subtilis BA101

1999 ND 6.2 6.1 5.9-6.2 11 1.8
Bacillus subtilis E69

1999 ND 6.0 5.9 5.7-6.0 0 2.4
Paenibacillus macerans GB32

1996 7.2 4.4 4.2 3.6-4.6 22 3.1
Paenibacillus pabuli GB51

1998 7.2 5.1 4.9 4.7-5.1 36 3.0

& Mean value (four replicates) at delivery of bulk treated seed to cooperators. For those treatments evaluated in
multiple years, means followed by the same letter in the same column were not significantly different at P =0.05,

according to LSD ttest.

® Mean value and range at planting across all locations in each year; 1996 = nine locations; 1997 = 10 locations;
1998 =11 locations; 1999 =nine locations. For those treatments evaluated in multiple years, means followed by the
same letter in the same column were not significantly different at P =0.05, according to LSD t-test.

Table 2. Bacillaceae bacterial
treatments applied to snap bean seed
in bulk before shipping to planting
locations
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¢ Percentage of locations that had seed mean values at planting that were significantly different (P =0.05) from
those at delivery of the bulk treated seed, according to Dunnett’s ttest.

9 Coefficient of variation for seed population values at planting.

¢ ND, not determined. See text for application details.
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Table 3. Non-Bacillaceae bacterial
treatments applied to cotton seed,
either in bulk before shipping to planting
locations or just prior to planting

Table 4. Non-Bacillaceae bacterial
treatments applied to snap been seed,
either in bulk before shipping to planting
locations or just prior to planting
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log,, CFU per seed

Application rate Site differences® CV4

Year  (log,, CFU g " seed) Delivery® Planting® Range® (%) (%)
Arthrobacter globiformis A180R

1995 ND® NA' 39g  0-6.1 NA 14

1996 ND NA 0.6h 0-2.2 NA 214
Pseudomonas fluorescens BD4-13

1995 ND NA 249 0-3.7 NA 48

1997 9.7 419 269 0.1-4.2 60 11

1998 8.4 Oh 0.1h 0-0.6 8 161

1999 8.9 0.8h 0.3h 0-0.9 0 200
Burkholderia cepacia Deny®

1996 25 NA 0.2g 0-0.9 NA 123

1997 3.8 NA 059 0-2.9 NA 40
Burkholderia cepacia 5.5b

1997 10.0 0 0.1 0-0.5 9 278
Burkholderia cepacia OK1

1998 ND 0 0.6 0-1.8 0 187
Vitazyme bacterial mix

1999 25 0 1.2 0-4.0 40 45

2 Mean value (four replicates) at delivery of bulk treated seed to cooperators. For those treatments evaluated in
multiple years, means followed by the same letter in the same column were not significantly different at P =0.05,
according to LSD ttest.

® Mean value and range at planting across all locations in each year; 1995 =five locations; 1996 =nine locations,
1997 =11 locations; 1998 =12 locations; 1999 =10 locations. For those treatments evaluated in multiple years,
means followed by the same letter in the same column were not significantly different at P =0.05, according to LSD
ttest.

¢ Percentage of locations that had seed mean values at planting that were significantly different (P =0.05) from
those at delivery of the bulk treated seed, according to Dunnett’s ttest.

9 Coefficient of variation for seed population values at planting.

¢ ND, not determined. See text for application details.

FNA, not applicable. Seed treated by individual cooperators just prior to planting.

Application rate logyq CFU per seed Site differences®  CV°

(log,, CFUg " seed) Delivery® Planting® Range® (%) (%)

Year

Pseudomonas fluorescens BD4-13

1997 8.9 499 3.39 0.9-3.9 100 8

1998 8.0 0j 0.9h 0-24 45 43

1999 8.3 1.0h 0.1j 0-0.4 89 144
Burkholderia cepacia Deny®

1996 25 NA' 0.1 0-0.5 NA 306

1997 3.8 NA 0.4 0-2.5 NA 21
Burkholderia cepacia 5.5b

1997 10.0 1.8 0.9 0-2.3 0 131
Arthrobacter globiformis A180R

1996 ND® NA 6.0 3.6-7.1 NA 5
Vitazyme bacterial mix

1999 2.3 1.8 05 0-1.3 22 101

2 Mean value (four replicates) at delivery of bulk treated seed to cooperators. For those treatments evaluated in
multiple years, means followed by the same letter in the same column were not significantly different at P =0.05,
according to LSD ttest.

® Mean value and range at planting across all locations in each year; 1996 = nine locations, 1997 = 10 locations;
1998 =11 locations; 1999 =nine locations. For those treatments evaluated in multiple years, means followed by the
same letter in the same column were not significantly different at P =0.05, according to LSD t-test.

¢ Percentage of locations that had seed mean values at planting that were significantly different (P =0.05) from
those at delivery of the bulk treated seed, according to Dunnett’s t-test.

9 Coefficient of variation for seed population values at planting.

¢ ND, not determined. See text for application details.

FNA, not applicable. Seed treated by individual cooperators just prior to planting.
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3.4 Beauveria and Trichoderma fungal treatments
The B bassiana isolate was applied in bulk to both
cotton and snap bean seed prior to delivery to
cooperators for planting in 1999. There were 5.9
log,, CFU per seed at delivery for both cotton (Table
5) and snap bean (Table 6). Across all planting sites,
there was an average 5.8 log,, CFU per seed for cotton
and 6.0 log,, per seed for snap bean. No cotton site,

but 33% of the snap bean sites, had fungal seed
populations at planting that were significantly different
from the seed population at delivery.

All Trichoderma fungal treatments except for one
(T22 Planter Box) were applied in bulk to both cotton
and snap bean seed prior to delivery to cooperators.
Trichoderma T22 Planter Box was used as a seed
treatment applied by individual cooperators just prior

Table 5. Fungal treatments applied to cotton seed,
either in bulk before shipping to planting locations
or just prior to planting
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log,, CFU per seed

Year Delivery®  Planting®  Range®  Site differences® (%) CV® (%)
Beauveria bassiana

1999 59 5.8 55-6.0 0 3.5
Trichoderma harzianum T-22 Planter Box

1997 NA' 33 2.8-4.0 NA 4.2

1998 NA 3.5 2.9-41 NA 5.0
Trichoderma harzianum Gustafson

1996 25¢g 2049 1.5-24 44 6.4

1997 0Oh 0.2h 0-1.0 36 71.4
Trichoderma harzianum OK110

1995 09h 0.6h 0.2-1.0 20 39.8

1996 0j 0j 0 0 0

1999 449 4349 41-4.5 0 51
Trichoderma virens G4

1995 479 469 4.3-5.0 40 2.2

1996 29| 23] 2.0-2.8 56 6.2

1997 3.1h 3.0h 2.9-3.6 18 4.0
Trichoderma virens G6

1995 419 38g 3.6-4.2 40 0.9

1997 3.0h 26h 2.3-2.9 64 5.3

1998 28h 26h 2.3-29 8 6.8

1999 19] 16| 1.2-1.8 30 8.6
Trichoderma virens TV108

1996 2.6 20h 1.7-2.3 89 3.4

1997 2.6 2349 2.0-2.7 36 6.9
Trichoderma virens TV109

1996 299 2349 2.0-3.0 78 4.4

1997 21h 20h 19-2.2 0 8.7
Trichoderma virens TV111

1996 249 21h 1.8-2.4 33 6.7

1997 319 2849 2.6-3.1 27 4.8

1998 29g 2749 2.3-3.0 8 8.2

1999 14h 14 0.9-1.8 0 34.9
Trichoderma virens and Trichoderma koningii fusant TV117

1998 31g 3.0 2.7-3.3 0 71

1999 3.0h 29 2.6-3.0 0 6.7
Trichoderma virens TV110

1996 3.0 2.3 1.9-28 89 4.0
Trichoderma virens TV116

1998 2.8 2.6 2.2-28 33 50

# Mean value (four replicates) at delivery of bulk treated seed to cooperators. For those treatments
evaluated in multiple years, means followed by the same letter in the same column were not
significantly different at P =0.05, according to LSD t-test.

© Mean value at planting across all locations in each year; 1995 =five locations; 1996 =nine locations,
1997 =11 locations; 1998=12 locations; 1999=10 locations. For those treatments evaluated in
multiple years, means followed by the same letter in the same column were not significantly different at
P =0.05, according to LSD t-test.

¢ Range of mean values for planting locations in each year.

9 Percentage of locations that had seed mean values at planting that were significantly different
(P =0.05) from those at delivery of the bulk treated seed, according to Dunnett’s t-test.

¢ Coefficient of variation for seed population values at planting.

"NA, not applicable. Seed treated by individual cooperators just prior to planting.
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Table 6. Fungal treatments applied to snap bean seed, either in bulk before
shipping to planting locations or just prior to planting

log,, CFU per seed Site
differences® CV®

Year  Delivery® Planting® Range® (%) (%)
Beauveria bassiana

1999 509 6.0 5.1-6.2 33 1.9
Trichoderma harzianum T-22

1997 NA! 2.8 2.1-3.8 NA 7.0

1998 NA 3.0 2.6-3.7 NA 4.0
Trichoderma harzianum OK110

1996 1.4 1.9 1.7-2.4 11 12.8

Trichoderma harzianum Gustafson
1996 21g 21g 2.0-24 0 1.9
1997 0.2h 0.1h 0-0.4 0 109.0

@Mean value (four replicates) at delivery of bulk treated seed to cooperators.
For those treatments evaluated in multiple years, means followed by the
same letter in the same column were not significantly different at P =0.05,
according to LSD ttest.

® Mean value at planting across all locations in each year; 1996=nine
locations, 1997 =11 locations; 1998 =12 locations; 1999 =10 locations. For
those treatments evaluated in multiple years, means followed by the same
letter in the same column were not significantly different at P =0.05,
according to LSD ttest.

® Range of mean values for planting locations in each year.

9 Percentage of locations that had seed mean values at planting that were
significantly different (P =0.05) from those at delivery of the bulk treated
seed, according to Dunnett’s t-test.

¢ Coefficient of variation for seed population values at planting.

f'NA, not applicable. Seed treated by individual cooperators just prior to
planting.

to planting for both cotton and snap bean seed. For
this treatment, the mean fungal population per seed,
across all locations for each year, was not significantly
different between years, with an average of 3.4 log,,
CFU for cotton seed (Table 5) and 2.9 log,, CFU for
snap bean seed (Table 6). Since we determined in
1997 that this commercial product was contaminated
with a Streptomyces sp, assays were conducted for
bacterial contamination in 1998. It was determined
that the material present in the shipping container
contained 8.5 log,, CFU of the fungus and 6.7 log,,
CFU of the contaminating streptomycete per gram of
material. The average seed populations for the
streptomycete, across all treatment locations, was 2.0
log,, CFU per cotton seed and 1.8 log,, CFU per snap
bean seed, a much higher ratio of streptomycete to
Trichoderma than in the shipping container. The
identity of the streptomycete was not determined.

For Trichoderma fungal treatments applied in bulk to
cotton seed, populations at delivery across all years
ranged from 0 (OK110 in 1996 and Gustafson in
1997) to 4.7 (G4 in 1995) log, , CFU per seed, with an
overall average of 2.6 (Table 5). The average fungal
population per seed at planting decreased only 0.3
log,, CFU for these treatments. The percentage of
sites that had fungal seed populations at planting that
were significantly different from populations on the
seed at delivery averaged 31%.

Eight of the strains used to treat cotton were
provided by one research group (USDA-ARS, Texas).
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For five of the six strains evaluated in multiple years
(G4, G6, TV109, TV111, TV117), there were sig-
nificant differences between years for fungal seed
populations. In general, these populations decreased
with succeeding years. Strain OK110, provided by the
Oklahoma cooperator, had fungal seed populations
that increased significantly in 1999 compared with
previous testing years. In contrast, Gustafson’s Tricho-
derma strain decreased significantly in fungal seed
populations from 1996 to 1997.

Trichoderma fungal treatments applied in bulk to
snap bean seed (OK110, Gustafson) had populations
at delivery that ranged from 0.2 to 2.1 log,, CFU per
seed, with an overall average of 1.2 (Table 6). The
average fungal population per seed at planting was 1.4
log,, CFU. The percentage of sites that had fungal
seed populations at planting that were significantly
different from populations on the seed at delivery
averaged 3.7%.

The coefficient of variation, for seed populations at
planting, for 23 of 26 Trichoderma cotton seed treat-
ments was <10% (Table 5), whereas for four of five
Trichoderma snap bean seed treatments it was <13%
(Table 6). The remaining treatments had extremely
high coefficients of variation, 35% (TV111 on cotton
seed in 1999), 40% (OK110 on cotton seed in 1995),
71% (Gustafson on cotton seed in 1997), and 109%
(Gustafson on snap bean seed in 1997). Overall, the
Texas strains were very stable within treatment years,
but not between years.

3.5 Biological mixture treatments

Some cotton seed treatments were a mixture of a
Trichoderma strain (TV111, TV116, TV117 or G6)
with the Paenibacillus strain GB49 (data not shown). A
mixture with Trichoderma strain G6 was evaluated
three years and the other strains only once. For
Trichoderma strain G6, the fungal population per seed
was significantly increased (P =0.05) by the addition
of the bacterium GB49 in 1997 but not in 1998 and
1999. The seed population for G6 when mixed with
GB49 was (log,, CFU per seed) 3.3, 2.7 and 1.9 in
1997, 1998 and 1999, respectively. No differences in
seed populations were observed for the other Tricho-
derma strains when the Paentbacillus strain was added
with them. Bacterial populations per seed were not
affected by the addition of a fungal strain in any year.

3.6 Bacterial and chemical pesticide mixture
treatments

Two Bacillaceae strains, Bacillus GB03 and Paeniba-
cillus GB49, were mixed with chemical pesticides prior
to their application to snap bean seed in addition to
being evaluated alone. Two different application rates
of the strains were used. For both strains, there was no
negative effect from the addition of chemical pesticides
(Table 7) and the seed populations at delivery and
planting were increased significantly by the addition of
chemicals in 1999. In addition, the eightfold increase
in the normal GB03 and GB49 application rate
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resulted in a similar increase on the seed, even with the
addition of chemical pesticides.

4 DISCUSSION

Protecting seedlings from damping-off diseases is an
ideal situation for biological control, since the biolo-
gical agent needs to be effective only for a short time
period. Furthermore, since the infection court for this
disease is associated with the seed or newly emerged
seedling, application of the biocontrol agent to the
seed provides an efficient method for placing the
biological agent in the appropriate location. In this
study, the seed treatments evaluated included bio-
logical agents that were already commercially available
or were being considered for commercial develop-
ment. Application factors examined included short-
term (<3 months) stability after seed treatment,
quality (ie isolate purity), compatibility with chemical
pesticides and with other biocontrol agents, and appli-
cation uniformity between years and plant species.

The seed treatments used can be divided into four
main groups: (1) Bacillaceae bacteria, Bacillus and
Paemibacillus, which are Gram-positive endospore-
forming bacteria; (2) non-Bacillaceae bacteria, which
include non-spore-forming Gram-positive and Gram-
negative bacteria; (3) the fungus Trichoderma; (4) the
fungus Beauveria bassiana.

The greatest population of bacteria per seed and the
best viability over time was associated with the
Bacillaceae genera, both on cotton and snap bean
seed. Even more important was the consistency
between the bacterial seed populations obtained at
delivery and those obtained when the seed was

planted. Including both cotton and snap bean seed,
for eight of the eleven Bacillaceae isolates no significant
differences were found in bacterial seed populations
between delivery and any planting location in one or
more years for a total of 132 site years (number of sites
per year multiplied by the number of years with no
significant differences for each isolate). The other
three Bacillaceae isolates (GB32, GB35 and GB37)
had only one or two planting location seed populations
that differed significantly from seed delivery popula-
tions. This consistency was achieved even though
there were three different cooperators, two university
and one commercial laboratory, providing these
Bacillaceae isolates, each using a different carrier and
application method for seed treatment.

Unfortunately, viability and consistency in applica-
tion did not always result in disease control or
increased plant stands.” ® For example: no biological
seed treatment increased snap bean plant stand in
1996 at any location; only P macerans GB49 increased
snap bean plant stand in 1997, and then only at two
locations; only P pabuli GB51 increased snap bean
plant stand at all locations in 1998. However, this
could be due to the inability of the Bacillaceae seed
treatments to control all the potential pathogens that
may decrease plant stands. For example, the Bacillus
strain GB03 will suppress Rhizoctonia and Fusarium
spp but not necessarily Pyshium spp.?° Also, the plant
growth-promoting activity of the biocontrol agents
may not have been expressed until after our experi-
ments were terminated.?%?! Therefore, mixtures of
biocontrol agents or mixtures of chemical pesticides
and biocontrol agents may be required for complete
plant protection or growth promotion.

Application rate

log,, CFU per seed Site
differences® CV'

Isolate  (log,,CFU g~ " seed) Chemicals® Delivery® Planting® Range® (%) (%)

1998
GBO03 6.3
6.3
7.2

1999
GBO03 6.3
6.3
7.2
GB49 7.2
7.2
8.1

No 45h 45h 4.3-49 10 34
Yes 4.6 h 46h 4.4-47 0 2.2
Yes 579 56g 5457 0 2.3
No 4.3] 41j 3845 11 5.2
Yes 4.7h 48h 44-50 11 2.7
Yes 58¢g 58g 5.7-6.1 0 4.2
No 45] 45j 4048 11 4.6
Yes 4.8h 48h 44-49 11 2.3
Yes 569 57g 54-64 11 34

2 Chemical pesticide used in 1998 was captan; chemical pesticides used in 1999 included thiram, quintozene,
metalaxyl, streptomycin and chlorpyrifos.

® Mean value (four replicates) at delivery of bulk treated seed to cooperators. For each isolate in each year, means
followed by the same letter in the same column were not significantly different at P =0.05, according to LSD t-test.
¢ Mean value at planting across all locations in each year; 1998=11 locations; 1999 =nine locations. For each
isolate in each year, means followed by the same letter in the same column were not significantly different at

Table 7. Snap bean seed treated with
either a bacterial isolate alone, Bacillus
GBO03 or Paenibacillus GB49, or the
bacterial isolate mixed with chemical
pesticides
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P =0.05, according to LSD ttest.

9 Range of mean values for locations in each year.

¢ Percentage of locations that had seed mean values at planting that were significantly different (P =0.05) from
those at delivery of the bulk treated seed, according to Dunnett’s t-test.

f Coefficient of variation for seed population values at planting.
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This potential scenario was examined for two
Bacillaceae isolates. The effects of the chemicals on
the isolates were, if any, minimal. For example, in
1999 a chemical seed treatment that included one
bactericide, three fungicides and one insecticide was
added to both GB03 and GB49 without any deleter-
ious effects. These observations are consistent with
previous results.’??> Overall, these results demon-
strate why, from a practical view point, Bacillaceae
genera have been and continue to be a good choice for
development as bacterial seed treatments.??%?*

In contrast to the Bacillaceae, the lowest populations
of bacteria and greatest amount of variability was
associated with the non-Bacillaceae bacterial seed
treatments, both on cotton and snap bean seed. This
may be due to inappropriate formulations of the
bacteria, since only Deny (B cepacia) and Vitazyme
(bacterial mix) treatments were commercial products.
However, the viability of these commercial materials
was questionable. Deny was applied by cooperators
just prior to planting, eliminating any decline in
viability due to storage of treated seed. A packet of
treated seed was shipped to the seed assay cooperator
within 24h. In 1996 the seed assay cooperator
determined the seed bacterial populations were less
than 1.0 log,, CFU seed ! and the planting coopera-
tors were also asked to assay their containers of the
Deny product for viability. The bacterium was found
to be viable and the B cepacia population conformed to
the label (data not shown). While the storage shelf-life
of this product appeared to be adequate, its post-
application shelf-life was minimal. This would be
important information for the grower, as it is not
uncommon for planting to be delayed (eg due to
rainfall) after the seed and biological treatments are in
the planter. A low post-application viability could also
explain the disease control failure of this product in
our study and others.?’

Beauveria bassiana was only evaluated in one year,
but the seed fungal values were high and uniform for
both cotton and snap bean. While this fungus is
normally associated with insect biocontrol, it has
demonstrated antifungal activity. B bassiana has been
shown to inhibit mycelial growth of several pathogens
in vitro, including Gaeumannomyces graminis (Sacc) v
Arx & J Olivier, Fusarium oxysporum Schlecht, Armil-
laria mellea (Vahl) Kummer, and Rosellinia necatrix
Prill.?®?? In greenhouse studies, B bassiana treatment
reduced infection of onion bulbs by F oxysporum f sp
cepae.”®

The majority (eight of 13) of Trichoderma isolates
were supplied by one cooperator (USDA-ARS,
Texas). For these isolates, which were only evaluated
on cotton, fungal seed populations at delivery were
quite variable between years, despite the fact that the
seed was formulated and applied similarly. Variability
in seed populations at delivery and planting, within
each year, for each isolate was initially high. For 1995
and 1996 data combined, the average percentage of
planting sites that had fungal seed populations sig-
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nificantly different from those obtained at delivery was
60.7%. However, this was reduced to 18.7% for 1997
through 1999, with three of the isolates (TV109,
TV111 and TV117) having treatment years when
there was no significant difference between delivery
seed populations and those at any planting location for
a total of 43 site years. It is possible, but as yet
unconfirmed, that the wheat bran used from 1997 to
1999 was a better substrate for these Trichoderma
isolates than the millet seed used in 1995 and 1996.
Four of these isolates were also mixed with Paeni-
bacillus isolate GB49. The seed populations for these
strains, fungal and bacterial, were not adversely
affected.

The Gustafson and Oklahoma Trichoderma isolates
had variable results between years. They were either
present in consistently high seed populations, or
detected at very low seed populations, if at all.
Trichoderma OK110 was even variable between crops.
It was consistently present on snap bean seeds in 1996,
but not detected at all on cotton seeds in the same year.
For all of these strains, these differences occurred
despite using the same inoculum production method
and the same level of inoculum.

In contrast, the only commercial formulation of
Trichoderma, T-22 Planter Box, had consistent seed
populations between years and across all planting
locations for both cotton and snap bean seeds. This
is significant since each cooperator applied this
material just prior to planting. This is in sharp
contrast to the commercial Gram-negative bacterial
treatment (Deny) applied in a similar manner.
Unfortunately, the T-22 Planter Box material had a
quality control problem relative to purity. A strepto-
mycete was detected in both years, even though
different batches of product were wused. This
illustrates another problem that can be associated
with scale-up of a biocontrol agent. The contaminant
could be associated with the fungal isolate (ie impure
isolate) or with the materials used to formulate the
product. In either case, it demonstrates the necessity
of a good quality control program through the entire
production process.

Initial viability and stability of biocontrol agents are
important first steps in assessing their use as seed
treatments. This study illustrates achievements ob-
tained and obstacles faced by researchers working with
biological seed treatments. It is apparent that the
endospore-forming Bacillaceae bacteria (eg Bacillus
and Paenibacillus spp) will continue to have a clear
advantage over Gram-negative bacteria, unless suita-
ble formulation packages are developed for the latter
group. A reliable formulation has been developed for
Trichoderma, but purity issues still exist. The fact that
these biocontrol agents can be mixed with each other
and with numerous pesticides to provide a complete
pest control/growth enhancement package is an
excellent example of future integrated pest manage-
ment systems. However, these systems must be both
efficacious and economical for the producer.
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